In the presence of a stoichiometric amount of Ni(0) complex, allenyl aldehydes smoothly reacted with carbon dioxide at an ambient temperature and pressure in a regioselective manner. The reaction involves an intramolecular cyclization of aldehyde and allene moieties to afford cyclic carboxylic acid derivatives having a hydroxyl group.
Development of new methods to incorporate carbon dioxide (CO 2 ) into organic molecules through carboncarbon bond formations is still an important subject in synthetic organic chemistry. With the aim of developing novel CO 2 incorporation reactions, transition-metalpromoted carboxylation reaction has attracted much attention. 1,2 Nickel-mediated or -catalyzed coupling reactions of CO 2 with unsaturated hydrocarbons have been extensively investigated recently. 3 Such nickelmediated processes are attractive not only because they can be conducted under mild conditions but also because they can produce reactive intermediates that are usable for further carbon-carbon bond formation. In this letter, we report a nickel-promoted CO 2 incorporation reaction into allenyl aldehydes that involves an intramolecular carbon-carbon bond formation between the allene and aldehyde moieties. 4, 5 In the course of our previous studies on nickel-promoted or -catalyzed CO 2 incorporation reactions, 4 we found that various allenes reacted with CO 2 and a zero-valent nickel complex to form a nucleophilic oxa-nickelacycle that could react with aldehydes. 4e From these results, we envisioned a carboxylation/cyclization cascade of allenyl aldehyde 1, which would proceed according to the following reaction process: (i) oxidative cyclization of 1 and CO 2 with low-valent nickel species would afford an oxa-nickelacycle 2 6 and (ii) intramolecular nucleophilic addition of the oxa-nickelacycle moiety of 2 to the tethered aldehyde would give cyclized product 3 (Scheme 1 
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To improve the yield of 3a, various reaction conditions were examined (Table 1) . Among the solvents examined (entries 1-3), 1,4-dioxane, a relatively polar solvent gave the best result (entry 3). The effects of ligands were also investigated when dioxane was used as the solvent (entries 56). The use of DBN, 1,2-bipyridine (bpy) or 1,2-dimethylimidazole (DMI) did not result in any significant improvement compared with DBU. Interestingly, by using tetramethylethylene diamine (TMEDA) as the ligand, the total yield of the cyclized products was improved to 87%, although cis-3a was also formed in 28% yield along with trans-3a. 8 The reaction of 1b with CO 2 proceeded smoothly in the presence of Ni(cod) 2 and TMEDA at room temperature to give the desired cyclic product with a five-membered ring (Scheme 3). Because the formed carboxylic acid easily underwent dehydration during the purification process, the product was isolated and characterized as 4b (61% yield from 1b) after lactonization in the presence of an acid catalyst.
From the results of NOE experiments, the stereochemistry of 4b was determined to be cis, as shown in Scheme 3. In contrast, seven-membered ring formation from 1c was sluggish under similar conditions, and simply carboxylated product 5c was obtained in 45% (Scheme 4, eq. 1). This result indicated that the reaction did not proceed further from intermediate 2c.
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However, fortunately, we found that the use of ZnCl 2 (3 equiv to 1c) as an additive promoted the desired cyclization process to afford lactone cis-4c in 41% yield (Scheme 4, eq. 2). The use of other Lewis acids, including BF 3 and TMSOTf, did not work well as promoters. These results suggest that ZnCl 2 did not simply act as a Lewis acid but also as a transmetalating reagent to form a more nucleophilic -allylnickel chloride such as 6c. 9 With this knowledge in hand, we tried to apply the present carboxylation/cyclization cascade for the synthesis of heterocyclic and benzene-fused bicyclic compounds, and the results are summarized in Table 2 . Carboxylative cyclization of 1d with CO 2 in the presence of a stoichiometric amount of Ni(cod) 2 and TMEDA proceeded smoothly to afford the desired cyclized product 3d in 74% yield as a mixture of two stereo isomers. Although ZnCl 2 was necessary, carboxylation of 1e also gave the desired product 4e in 33% yield.
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Template for SYNLETT and SYNTHESIS © Thieme Stuttgart · New York 2011-06-21 page 3 of 5 Furthermore, the present system was applicable to the synthesis of benzene-fused bicyclic compounds (Table 2  entry [3] [4] [5] . Benzaldehyde derivative 1f, having a terminal allene moiety at the ortho position, smoothly reacted with CO 2 under similar conditions to afford 3f in 66% yield. Interestingly, in the reactions of 1g and 1h having an internal allene moiety, the cyclization process proceeded to give 3g and 3h in 66% and 74% yields, respectively. In both cases, configuration of a newly formed double bond was controlled to be in an E-form.
The results of carboxylation of 1c in the absence of ZnCl 2 (Scheme 4, eq. 1) strongly supported our initial hypothesis of the carboxylation/cyclization cascade shown in Scheme 1. However, the high regio-and Eselectivity observed in the reactions of 1g and 1h ( Table  2 , entries 4 and 5) suggest another possible reaction pathway. Montgomery and coworkers reported a nickelcatalyzed cyclization of allenyl aldehydes that involved an oxidative cyclization of the allene and aldehyde moieties to low-valent nickel species as the first step of the catalytic cycle. 7a Allenyl aldehydes 1g or 1h would also be able to react with low-valent nickel species in a similar way before the reaction with CO 2 (Scheme 5).
To undergo such reaction, low-valent nickel species would be preferably placed at the opposite side of the "R" group due to steric repulsion (Scheme 5, In summary, nickel-mediated cyclization of allenyl aldehydes that involved a CO 2 incorporation process was developed. The reaction proceeds under mild conditions in a regioselective manner and provides a novel method for synthesis of bicyclic -methylene--lactones. Further studies on expansion of the scope of this procedure are now in progress. 
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